In archaea, RNA endonucleases which act specifically on RNA having bulge-helix-bulge (BHB) motifs play the main role in the recognition and excision of introns while the eukaryal enzymes use a measuring mechanism to determine the position of the universally positioned splice sites relative to the conserved domain of pre-tRNA. Two crystallographic structures of tRNA-intron splicing endonuclease from Thermoplasma acidophilum DSM 1728 (TaEndA) have been solved to 2.5 Å and 2.7 Å resolution by molecular replacement using the 2.7 Å resolution data as initial model and single wavelength anomalous dispersion phasing method using selenomethionine as anomalous signals, respectively. The models show that the TaEndA is a homodimer and has similar overall folding to other archaeal tRNA endonucleases. From structural and mutational analyses of H236A, Y229F, and K265I, in vitro, we have demonstrated that they play critical roles in recognizing the splice site and in cleaving the pre-tRNA substrate.
INTRODUCTION
Although RNA splicing is a required step for gene expression in all three taxonomic kingdoms: the eukarya, the archaea and the bacteria, at least four different mechanisms of splicing have evolved. In bacteria, tRNA introns are self-splicing group I introns and the splicing mechanism is autocatalytic (3, 6) . In eukarya, tRNA introns are small and invariably interrupt the anticodon loop 1 base 3' to the anticodon. They are removed by the stepwise action of an endonuclease, a ligase, and a phosphotransferase (7, 27) . In Saccharomyces cerevisiae, there are three distinct enzymes required for tRNA splicing. An endonuclease acts first and is responsible for the recognition and excision of introns. A ligase subsequently joins the two exons in a multi-nucleotide-dependent reaction leaving a 2'-phosphate group at the spliced junction. Finally a 2'-phosphotransferase catalyzes the transfer of the 2'-phosphate group to its cofactor nicotinamide adenine dinucleotide (1) . The yeast endonuclease is a heterotetramer consisting of Sen15, Sen2, Sen34 and Sen54 subunits, where Sen34 and Sen2 share sequence homology over a region of ~115 amino acid residues. This conserved region defines a family of tRNA splicing endonucleases (EndA) in both the archaea and eukarya (16, 21, 38) .
In archaea, the introns often reside in the same location as for eukaryal tRNA introns. The splicing mechanism in archaea is similar to eukaryal splicing but different in some aspects (15, 26) .
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In archaea, EndA plays a key role in assuring the correct removal of the intron from both the pretRNA, pre-rRNA and pre-mRNA (1, 13-15, 34, 41) . EndA from both eukarya and archaea cleave the pre-tRNA substrate leaving 5'-hydroxyl and 2'.3' cyclic phosphate termini, but these enzymes recognize their substrates differently. The eukaryal enzyme uses a measuring mechanism to determine the position of the universally positioned splice sites relative to the conserved domain of pre-tRNA (20, 29) . In contrast, archaeal splice site recognition appears to rely on the presence of a specific RNA structure. The majority of archaeal exon-intron boundaries form a folded RNA structure, termed the bulge-helix-bulge (BHB) motif, consisting of two or three-nucleotide bulges separated by a four base-pair-helix (5, 9, 15, 20, 37) . This motif is mainly found in the anticodon loop but can also be seen in various locations on precursor tRNAs (24, 27). Additionally, the BHB motif is recognized by the endonuclease for processing of other functional RNAs such as ribosomal and messenger RNA (13, 32, 35, 39) . Although the BHB motif has some resemblance to yeast RNA TCA GGG-3', respectively. The bases in bold represent the EcoRI and XhoI digestion sites, respectively. The amplified DNA was inserted into the digested expression vector, a modified pET21b (Novagen). This vector encodes a hexa-histidine tag ahead of a thrombin recognition site just before the multi-cloning site. The vector therefore facilitates expression of N-terminally His-tagged proteins from which the tag can be removed with thrombin. The protein was overexpressed in E. coli BL21 (DE3) cells. The recombinant protein in the supernatant fraction was purified by two chromatographic steps. The first purification step utilized the N-terminal histidine tag by Ni Superdex-200 prep-grade column (Amersham Pharmacia) using 50 mM Tris-HCl (pH 8.5), 100 mM NaCl, 5% (v/v) glycerol, 10 mM DTT. Homogeneity of the purified protein was assessed by SDS-PAGE. The purified protein was concentrated to 9.1 mg/mL using Centri-prep (Millipore) in buffer A. The protein concentration was estimated by the Bradford method (BIO-RAD) using BSA (1mg/ml) as standard. A similar procedure was followed to express and purify the mutant proteins H236A, Y229F and K265I. The purified selenomethionyl protein also obtained from E. coli B834 (DE3) cells.
Crystallization and data collection. Initial crystallization was performed at 317 K by the sitting- liquor) for a few seconds and then flash-cooled in a cold nitrogen stream. X-ray diffraction data from the monoclinic form were collected from a cryo-cooled crystal using an ADSC Q210 CCD detector at beamline 4A at Pohang Light Source (PLS), South Korea. X-ray diffraction data from the tetragonal form were collected using an ADSC Q315 CCD detector at Photon Factory, Japan (Beamline BL-5A). The wavelength of synchrotron X-rays was 1.000 Å. The raw data were processed and scaled using DENZO and SCALEPACK (23).
Structure Determination and Refinement. The structure of the TaEndA was determined by the Table I . The model was completed by iterative cycles of model building with Coot (10) and refinement with CNS (4). The final model contains 300 amino acids and 100 water molecules for TaEndA, yielding an R factor and R free of 21.5% and 27.8 % respectively (4).
The dimeric structure of TaEndA was also determined by the molecular replacement with monomeric structure, having an R factor and R free of 22.4 % and 28.5 % respectively. Coordinates have been deposited in the Protein Data Bank (accession code 2OHC for tetragonal form (dimer) and code 2OHE for monoclinic form (monomer)).
Analytical Ultracentrifugation Measurements. Sedimentation velocity experiments were
performed at 20 °C in a Beckman XL-I centrifuge using an 8-slot rotor (An-50Ti) at 40,000 rpm.
EndA was analyzed at concentrations of 0.63, 0.32, and 0.13 mg/mL (17.6 µM, 9.5µM, and 3.8 µM, respectively) in 20 mM Tris-HCl pH 7.5/150 mM NaCl. 12-mm double sector Epon charcoal-filled centerpieces and sapphire windows were used with 400 
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RESULTS AND DISCUSSION

Functional characterization of TaEndA
The EndA ORF in T. acidophilium encodes an ortholog of the M. jannashii EndA responsible for the splicing of bulge-helix-bulge motif in pre-tRNA. To test the splicing endo-ribonuclease activity, assays were performed with in vitro transcribed pre-tRNA Archeuka (Fig. 1A, 1B) . The pretRNA Archeuka was incubated with both wild-type and mutant EndA in cleavage buffer. Figure 1B reveals the purified TaEndA clearly showed splicing activity, and cleaved the substrate completely;
reducing the full length pre-tRNA to two fragments a 5' fragment (39 nt) and 3' fragment (37 nt). In contrast to wild type, the mutant enzymes showed dramatically reduced splicing activity (Fig. 1B) .
These sites exhibit 50-fold less activity than the wild-type, implying a significant role in catalysis.
Mutation of Tyr-229 to alanine reduced the enzymatic activity by about 50-fold, while mutations of H256A and K265I completely abolished the activity. The formation of a specific complex between
TaEndA and pre-tRNA Archeuka substrate was tested by the electrophoretic mobility shift assays (Fig.   1C ). Figure 1C clearly shows the formation of a stable complex between TaEndA and pretRNA Archeuka substrate in the transition state. As can be seen in Figure 1C , a band shift is observed, indicative of complex formation. While two mutants (H236A, Y229F) showed a similar mobility to the wild type, K265I showed significantly weaker binding in which Lys-265 probably played an
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Overall structure of TaEndA
TaEndA crystallized in two crystal forms, one tetragonal and the other monoclinic. The monoclinic structure of TaEndA was determined by the method of single wavelength anomalous diffraction (SAD) to 2.7 Å resolution using selenomethionine as an anomalous scatterer ( Fig. 2A) .
The tetragonal crystal structure was solved by molecular replacement to a 2.5 Å resolution using the monoclinic structure as a search model (Fig. 2B) . Phasing and refinement statistics are shown in Table 1 . The monoclinic and tetragonal forms have one and two molecules in the asymmetric unit respectively. Purified TaEndA appeared at the dimer size on a gel-filtration column, which has the enzymatic activity from the monomer of molecular weight of 35 kDa. Analytical ultracentrifugation and dynamic light scattering also showed TaEndA to exist as a dimer in solution (data not shown).
The dimer appears to be physiological, because protein contacts in the asymmetric unit are identical in the two crystal forms and they involve conserved amino acids. The monomer of TaEndA 2C ). When the loop segment alone was compared with that of other protomers (monomer, molecule A and B in the dimer), the rms deviations for Cα atoms were 1.2 Å. The electron density in the loop region is well defined for each protomer, and the average temperature factor in this region is similar to that of the whole molecule. Nevertheless, the notable conformational differences indicate that these loops are the most flexible region in the molecule.
Dimer interface
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In the tetragonal crystal, molecules A-B form two apparent dimers along the noncrystallographic 2-fold axes. The extensive dimeric interface is formed by the packing of portions of α8, L22 (residues 217-224 between β15 and β16) L14 (residues 131-132 between β9 and β10), L16
(residues 162-163 between β11 and β12) and the groove between n-term and c-term. As shown in Figure 3 , it is a broad region that is 14.0 % of the total accessible surface of the dimer and buries with a surface area of 3,764 Å 2 ( Fig. 3A) . In total, 90 residues are involved in the dimerization including several conserved hydrophobic residues (Met, Leu, Gly, Phe, and Val) as cited in reports published previously (20) . Overall, there are non-polar (39.9 %), polar (40 %), and polar-charged (21.1 %) residue fractions in the dimer interface. There are three main ionic contacts across the dimeric interface (Fig. 3C ). Sequence alignment of EndA from various species shows Glu-131 and Glu-132 TaEndA to be well conserved. These residues sit on a loop which packs closely against the partner chain and appear to be essential for dimerization (Fig. 3B) . Glu-131 forms a hydrogen bond with Thr-218' of the other subunit (prime indicating the neighboring chain) and its distance is 2.77
Å. The Oε1 of Glu-132 makes two hydrogen bonds with Lys-217' and Arg-227' and its distances are 3.12 Å and 2.94 Å, respectively (Fig. 3C) . Dimerization of two monomers could be established the sufficient space for the enzymatic activity and tRNA substrate binding with three catalytic residues containing His-236, Tyr-229, and Lys-265. Archaeal endonucleases can be distinctly grouped into
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Overall, the dimer formation by broad and strong hydrophilic and hydrophobic interactions will help to stabilize substrate binding for enzymatic reactions with TaEndA.
The active site
The active site has a high structural similarity among members of the EndAs. Therefore, the location and mode of substrate binding in the EndA protein could be deduced by analogy to the structures of AfEndA in complex with the BHB substrate (40) . On each enzyme surface, there is a cavity with a negative charge located along the center of the dimer interface and this high negative potential is favorable to attract substrates with a positive charge, such as the base ring of tRNA. A comparison of the overall structure and the electrostatic potential surfaces of the EndA family are shown in Figure 4 ( Fig. 4A and 4B ). The active site is formed close to the dimer interface. Three residues equivalent to His-236, Tyr-229, and Lys-265 in our models have been implicated in the enzymatic activity and tRNA substrate binding (20, 21, 40) . The distances between each active site are 20.4 Å for His-236, 30.6 Å for Tyr-229 and 19.7 Å for Lys-265, respectively. These space distances correspond to an intron length of pre-tRNA (Fig. 5A) .
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In the case of MjEndA, it has been suggested that His-125 (His-236 for TaEndA) functions as the general base, Tyr-115 (Tyr-229) as the general acid, and Lys-156 (Lys-265) stabilizes the transition state (20, 21) . Two residues (His-236, Tyr-229) occur on short loops between β-strands, except that Lys-265 lies between β-strand and α-helix. Mutagenesis was undertaken to replace each of these side-chains to observe the effects on the behaviour of the enzyme, and whether these residues are involved in substrate binding or the enzyme action mechanism. The in vitro enzymatic activity of these mutants is shown in Figure 1C . H236A and Y229F show the same affinity as wildtype EndA for substrate RNA, but K265I showed significantly weaker binding which probably accounts for a low level of enzyme activity. Comparisons of the TaEndA dimer (tetragonal form) with the TaEndA monomer (monoclinic form) show the His-236 residue is more flexible than the other two catalytic residues (Fig. 5B) . When EndA binds to the tRNA substrate, His-236 of these regions can adapt to the suitable sites of the substrate. Lys-265 is critical in binding to the tRNA substrate. These results all clearly support the major mechanistic conclusions reached in previous studies (19, 20, 21) .
Comparison with Related Enzymes
TaEndA shows high sequence identity for the C-terminal regions having a catalytic activity to 
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